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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract
Fatigue crack growth (FCG) tests for compact tension (CT) specimens of an annealed, low-carbon steel, JIS-SM490B were 
performed under various co binations of hydrogen pressures ranging from 0.1 to 90 MP , test frequencies fr m 0.001 to 10 Hz 
and test temperatures of room emperature (RT), 363 K and 423 K. In the hydrogen pressures of 0.1, 0.7 and 10 MPa at RT, the 
FCG rate increased with a decrease in the t st frequency; then, peaked out. In the lo er t st frequency egime, the FCG rate 
decreased and became nearly equivalent to the FCG rate in air. Also, in hydrogen pressure of 45 MPa at RT, the hydrogen-assisted 
FCG acceleration showed an upper li it around the test frequencies of 0.01 to 0.001 Hz. On the other hand, in the hydrogen 
pressure of 90 MPa at RT, the FCG rate monotonically increased with a decrease in the test frequency, and eventually the upper
limit of FCG acceleration was not confirmed down to the test frequency of 0.001 Hz. In the hydrogen pressure of 0.7 MPa at the 
test frequency of 1 Hz and temperatures of 363 K and 423 K, the stress intensity factor range, ΔK, for the onset of the FCG 
acceleration in hydrogen gas was shifted to a higher ΔK with an increase in the test temperature. The laser-microscope observation 
at specimen surface revealed that the hydrogen-assisted FCG acceleration always accompanied a localization of plastic deformation 
near crack tip. These results infer that the influencing factor dominating the hydrogen-assisted FCG acceleration is not the presence 
or absence of hydrogen in material but is how hydrogen localizes near the crack tip. Namely, a steep gradient of hydrogen 
concentration can result in the slip localization at crack tip, which enhances the Hydrogen Enhanced Successive Fatigue Crack 
Growth (HESFCG) proposed by the authors. It is proposed that such a peculiar dependence of FCG rate on hydrogen pressure, test
frequency and test temperature can be unified by using a novel parameter representing the gradient of hydrogen concentration near 
crack tip.
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1. Introduction
The hydrogen sometimes degrades tensile and fatigue properties of metallic materials (Nagumo (2008); Murakami 
et al. (2012); Gangloff et al. (2012); Matsuo et al. (2014)). For the widespread commercialization of hydrogen-energy 
systems, an appropriate design method must be established in consideration of the detrimental effect of hydrogen on 
materials (San Marchi et al. (2014); Matsunaga et al. (2015); Yamabe et al. (2016); Matsuoka et al. (2016)). To perform 
a safe and reliable finite-life design, it is important to precisely capture fatigue crack growth (FCG) property of 
materials in presence of hydrogen. For a low-alloy steel, JIS-SCM435, with tensile strength lower than 900 MPa in
high-pressure gaseous hydrogen, there exists au upper bound of the FCG acceleration, although a reduction in area 
(RA) during slow strain rate tensile (SSRT) testing is degraded; therefore, this low-alloy steel is considered to be
eligible for hydrogen service under the finite-life design (Yamabe et al. (2016)). In contrast, there is no upper bound 
of FCG acceleration in the presence of hydrogen for high-strength steel with tensile strength of approximately 1900 
MPa; therefore, this steel is not eligible for hydrogen service under the finite-life design (Yamabe et al. (2012)). These 
results infer that the FCG property in presence of hydrogen is strongly dependent on materials. In order to enable to 
authorize various low-cost steels for use in high-pressure gaseous hydrogen, this study investigated the effects of 
hydrogen pressure, test frequency and test temperature on FCG properties of a low-carbon steel, JIS-SM490B.
2. Experimental procedures
2.1. Material
The material used in this study was an annealed, low-carbon steel, JIS-SM490B, exhibiting ferrite and pearlite 
structure, composed of 0.16 C, 0.44 Si, 1.43 Mn, 0.017 P, 0.004 S in mass %, and the balance Fe,. The Vickers 
hardness of the matrix was HV = 153, measured (20 points) with the load of 9.8 N. The lower-yield stress, σLY, tensile 
strength, σB, elongation, δ, reduction in area, φ, at room temperature in air at RT were 360 MPa, 540 MPa, 17 % and 
78 %, respectively. To estimate hydrogen-diffusion properties at crack tip, cold-rolled plates of JIS-SM490B with 
rolling ratios of 5, 10, 15, 20, 30 and 40 % were also prepared, in addition to an as-received plate with no cold rolling.
2.2. Determination of hydrogen-diffusion properties
For determining hydrogen-diffusion properties, a cylindrical specimen with 2r0 = z0 = 19 mm, where 2r0 is the 
dimeter and z0 is the thickness, was sampled from the as-received and cold-rolled plates. The surface of the specimens 
was finished with #600 emery paper. The specimens were exposed to hydrogen gas at 100 MPa and 358 K for 200 
hours to obtain the uniform distribution of hydrogen. After the exposure, the hydrogen contents of the specimens were 
measured under constant temperatures by gas chromatography–mass spectroscopy (GC–MS). The hydrogen 
diffusivity was determined by fitting the solution of a diffusion equation to the experimental hydrogen contents 
measured at various constant temperatures (Yamabe et al. (2015)).
2.3. Fatigue crack growth test 
For FCG test, compact tension (CT) specimen with a width of, W, 50.8 mm and a thickness, B, of 10 mm was
sampled from the as-received plate. The FCG test was performed at a stress ratio, R, of 0.1 under various combinations 
of hydrogen pressures ranging from 0.1 to 90 MPa, test frequencies from 0.001 to 10 Hz and test temperatures of room 
temperature (RT), 363 K and 423 K, in accordance with ASTM E647-08e1 (2010). The purity of hydrogen gas in the 
cylinder was 99.999 % (5N) and the measured oxygen contents were always less than 1.0 vol. ppm.
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In addition to the FCG test under a constant load range, ΔP, the FCG test was carried out under a constant stress 
intensity factor range, ΔK, to clarify the effect of f on the FCG rate. These tests are referred to as ΔP-constant and K-
constant tests, respectively. The crack size was obtained by means of the compliance method with crack-opening 
displacements (CODs) as follows:
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where a is the crack length, W is the specimen width, B is the specimen thickness, E is Young’s modulus, Vg is the 
COD. The ΔK was calculated as follows:
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The FCG tests were performed under the following small-scale yielding (SSY) condition:
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where σYS is the yield stress. After the FCG test, slip deformations were observed by laser microscopy (LM). 
3. Results and discussion
3.1. Hydrogen diffusivity of cold-rolled steels
Fig. 1(a) shows the Arrhenius plot of hydrogen diffusivity, D, of the cold-rolled JIS-SM490B. Literature data 
(Kiuchi et al. (1983); Asano et al. (1974)) are also shown in Fig. 1(a). The D of the cold-rolled steel was lower than 
that of α-iron and annealed low-carbon steel. This is because of lattice defect produced by the cold rolling. The 
activation energy of D for the steel with the rolling ratio of 40 % was nearly equal to that of the cold-rolled low-carbon 
steel reported by Asano et al. (1974).
Fig. 1(b) shows the D of the cold-rolled steel at 303, 363 and 423 K. Irrespective of the measured temperatures, 
the values of D decreased with an increase in the rolling ratio; however, became constant for rolling ratios higher than
20 %. Since severe plastic deformation is produced at crack tip, the hydrogen diffusivity of which is represented by 
that of the steel with higher rolling ratios obtained here.
Based on the Oriani’s equilibrium theory (Oriani (1970)), the experimental data were fitted by the following equation 
as NX/NL and EB were unknown parameters:
Fig. 1. (a) Temperature dependence of hydrogen diffusivity; (b) Hydrogen diffusivity vs rolling ratio at 303, 363 and 423 K.
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where DL is the lattice hydrogen diffusivity in α-iron without any traps; NL is the number of lattice sites per the unit 
volume; NX is the number of trap sites per the unit volume; EB is the biding energy; R is the gas constant; T is the 
absolute temperature. According to Kiuchi et al. (1983), the values of D0 and ED are given as D0 = 7.23 × 10–8 m2/s 
and ED = 5.69 kJ/mol. The broken lines for the steels with the rolling rations of 5, 10 and 40 % shown in Fig. 1(a) are 
fitted ones based on Eq. (5). For the steel with the rolling ratio of 40 %, the following fitted parameters were obtained: 
NX / NL = 1.3 × 10–3 and EB = 28.9 kJ/mol.
On the other hand, the saturated hydrogen content, CS, of the cold-rolled steel can be calculated by using NX / NL
and EB as follows:
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where CLS is the saturated hydrogen content in the α-iron; F is the fugacity. The α is 104.47 mass ppm (Hirth (1980)). 
According to San Marchi et al. (2007), the fugacity F [MPa] is expressed by using the hydrogen pressure as follows:
　)exp( H2H2 RT
bppF = (8)
where pH2 is the hydrogen pressure [MPa] and b is the constant (= 1.584 × 10–5 m3/mol). The values of CS and D for 
severe plastic deformation under various environmental conditions were calculated by using Eqs. (5) to (8).
3.2. Fatigue crack growth behaviour and fatigue crack morphology at room temperature
Fig. 2(a) shows the FCG rate, da/dN, as a function of ΔK in air and in the various pressures of hydrogen gas. In a 
low ΔK regime, i.e., ΔK < 20 MPa∙m1/2, the FCG acceleration increased with an increase in ΔK. Conversely, in a 
higher ΔK regime, i.e., ΔK > 20 MPa∙m1/2, the da/dN–ΔK curves in hydrogen gas were parallel to the curves in air.
Fig. 2(b) presents the relative FCG rate (RFCGR), (da/dN)H2/(da/dN)air, as a function of pH2 obtained at ΔK = 30 
MPa∙m1/2 under f = 1 Hz and R = 0.1, where (da/dN)H2 and (da/dN)air are the FCG rates in hydrogen and air, 
respectively. The RFCGR was nearly constant at pH2 = 0.7 ~ 90 MPa. 
Fig. 2(c) exhibits the relationship between the RFCGR and f. Under pH2 ≤ 10 MPa, the RFCGR gradually increased 
with a reduction in f; then, suddenly decreased close to 1.0. Similar behaviour has been reported for Cr-Mo and 
pipeline steels (Matsuoka et al. (2011); Somerday et al. (2013)) and austenitic stainless steels (Itoga et al. (2014)). It 
is to be noted that the peak of acceleration shifted towards the lower f with an increase in pH2. Under pH2 ≥ 45 MPa, 
the reduction of the RFCGR did not occur in the low-frequency regime down to the f of 0.001 Hz. It is also noteworthy
that at the pH2 of 45 MPa, the RFCGR saturated at about 30. On the other hand, at the pH2 of 90 MPa, the upper bound 
of the FCG acceleration did not exist down to the f of 0.001 Hz. 
Figs. 3 and 4 show LM images of the crack morphology at the surface of the CT specimen, after the ΔK-constant
test performed at ΔK = 30 MPa∙m1/2. In Fig. 3, the test was initiated in air, after the test atmosphere was switched to 
0.7-MPa hydrogen gas. In air, extensive slip bands were observed along the fatigue crack (Fig. 3(b)). The same proved 
to be the case for the crack grown in 0.7-MPa hydrogen gas at the frequency of 0.001 Hz (Fig. 3(d)), where the crack 
growth rate was nearly equivalent to that observed in air. In contrast, in the test in 0.7-MPa hydrogen gas at the 
frequency of 1 Hz, where the FCG was accelerated by about a factor of 10, very few slip bands were observed along 
the crack (Fig. 3(c)). This was assumed to be due to the localization of plastic deformation at the crack tip under the 
influence of hydrogen. Conversely, in the test in 90 MPa hydrogen gas (Fig. 4), where growth was accelerated at the 
test frequencies of 1 Hz and 0.001 Hz, very few slip bands were observed along the crack in both cases.
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to be the case for the crack grown in 0.7-MPa hydrogen gas at the frequency of 0.001 Hz (Fig. 3(d)), where the crack 
growth rate was nearly equivalent to that observed in air. In contrast, in the test in 0.7-MPa hydrogen gas at the 
frequency of 1 Hz, where the FCG was accelerated by about a factor of 10, very few slip bands were observed along 
the crack (Fig. 3(c)). This was assumed to be due to the localization of plastic deformation at the crack tip under the 
influence of hydrogen. Conversely, in the test in 90 MPa hydrogen gas (Fig. 4), where growth was accelerated at the 
test frequencies of 1 Hz and 0.001 Hz, very few slip bands were observed along the crack in both cases.
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Fig.2. (a) Relationship between da/dN and ΔK in 0.1 ~ 90-MPa hydrogen gas at RT; (b) RFCGR vs pH2; (c) RFCGR vs f.
   
Fig.3. Crack growth morphologies at the specimen surface after the FCG test in 0.7-MPa hydrogen gas at RT: (a) Low magnification; 
(b) Magnification of (A); (c) Magnification of (B); (d) Magnification of (C).
Fig.4. Crack growth morphologies at the specimen surface after the FCG test in 90-MPa hydrogen gas at RT.
3.3. Fatigue crack growth behaviour and fatigue crack morphology at elevated temperatures
Fig. 5(a) shows the relationship between da/dN and ΔK for the ΔP-constant tests at R = 0.1 and f = 1 Hz in air or 
0.7-MPa nitrogen gas and in 0.7-MPa hydrogen gas at RT, 363 K and 423 K. Irrespective of the test temperatures, the 
FCG rate was accelerated in hydrogen gas; however, the RFCGR was lower with higher temperatures. The ΔK for the 
onset of the FCG acceleration, ΔKonset, was shifted to a higher ΔK with an increase in the test temperature, showing
ΔKonset < 13 MPa･m1/2 for RT, ΔKonset = 16 MPa･m1/2 for 363 K and ΔKonset = 19 MPa･m1/2 for 423 K.
Fig. 5(b) shows LM images of the crack morphologies at the surface of the CT specimen after the ΔP-constant test. 
The LM observation was performed at ΔK ≈ 30 MPa･m1/2. In 0.7-MPa hydrogen gases at 423 K, extensive slip bands 
were observed along the fatigue crack (Fig. 5(b-3)), where the FCG was slightly faster than that observed in air at RT. 
In the FCG tests in 0.7-MPa hydrogen gas at 363 K, where the FCG was significantly accelerated as well as that in 
0.7-MPa hydrogen gas at RT, very few slip bands were observed along the crack (Fig. 5(b-2)).
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Fig. 5. (a) Relationship between da/dN and ΔK at elevated temperatures; (b) Crack growth morphologies: (b-1) in 0.7-MPa hydrogen gas at RT; 
(b-2) in 0.7-MPa hydrogen gas at 363 K; (b-3) in 0.7-MPa hydrogen gas at 423 K; (b-4) in 0.1-MPa nitrogen gas at 423 K
3.4. Understanding acceleration of fatigue crack growth in presence of hydrogen
The afore-mentioned results indicate that FCG acceleration due to hydrogen is always accompanied by slip 
localization at the crack tip. Once again, it is important to note that, even in hydrogen gas, FCG acceleration does not 
occur when the slip deformation is not localized. Similar phenomena with respect to slip localization at the crack tip 
were also observed in JIS-SCM435 (Matsuo et al. (2010)). In order to understand this peculiar frequency dependence 
of the FCG rate, Matsuo et al. (2010) performed FCG testing in 0.7-MPa hydrogen gas at various test frequencies, 
thereby detecting the peculiar frequency dependence of hydrogen-induced acceleration, using JIS-SCM435. They 
explained the acceleration mechanism based on the hydrogen-enhanced successive fatigue crack growth (HESFCG) 
model (Murakami et al. (2008); Matsuoka et al. (2011); Matsuoka et al. (2016)), representing that the acceleration is 
not determined by either the presence or absence of hydrogen at the crack tip, but is determined by the distribution of 
hydrogen near the tip of the fatigue crack. They suggested that a steep gradient of hydrogen at the crack tip causes a 
localization of plasticity which prevents crack tip blunting and sharpens the crack tip. As a result, the crack growth 
per cycle is increased. In contrast, Somerday et al. (2013) performed FCG testing on the pipeline steel, X52, at various 
test frequencies in 21-MPa hydrogen gas containing 10, 100 and 1000 vol. ppm oxygen, discovering that the frequency 
dependence of FCG acceleration in hydrogen was altered by the oxygen content. As mentioned earlier, the hydrogen 
gas in the cylinder used in this study always was less than 1 vol. ppm, which is considerably lower than that reported 
by Somerday et al. (2013); therefore, this study investigated the peculiar frequency dependence of the FCG rate in 
terms of hydrogen distribution near the crack tip, i.e., the HESFCG model.
A series of experimental evidences infer that a steep gradient of hydrogen concentration causes slip localization at 
crack tip; hence, we propose a new parameter quantifying the onset of the FCG acceleration due to hydrogen, in 
consideration of the following two factors: (1) hydrogen concentration at the surface, (2) the ratio of the penetration 
depth of hydrogen per cycle to the ordinary plastic zone produced in air. As shown in Fig. 1(b), the CS and D of the 
present steel around crack tip, having severe plastic deformation, is considered to be nearly equivalent, respectively.
Thus, as illustrated in Fig. 6, when the initial hydrogen content is zero, the hydrogen distribution, CH, near the crack 
tip based on the normalized distance from crack tip, x', may be approximately expressed as follows:
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where x is the distance from the crack tip; t is the loading time per cycle, defined as t = 1/(2f); “erf” is the error function. 
The values of CS and D of the steel with a higher rolling ratio should be used to reproduce the hydrogen-diffusion 
properties around the crack tip, following Fig. 1. ωp is the ordinary plastic zone for plane strain in air:
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Fig. 5. (a) Relationship between da/dN and ΔK at elevated temperatures; (b) Crack growth morphologies: (b-1) in 0.7-MPa hydrogen gas at RT; 
(b-2) in 0.7-MPa hydrogen gas at 363 K; (b-3) in 0.7-MPa hydrogen gas at 423 K; (b-4) in 0.1-MPa nitrogen gas at 423 K
3.4. Understanding acceleration of fatigue crack growth in presence of hydrogen
The afore-mentioned results indicate that FCG acceleration due to hydrogen is always accompanied by slip 
localization at the crack tip. Once again, it is important to note that, even in hydrogen gas, FCG acceleration does not 
occur when the slip deformation is not localized. Similar phenomena with respect to slip localization at the crack tip 
were also observed in JIS-SCM435 (Matsuo et al. (2010)). In order to understand this peculiar frequency dependence 
of the FCG rate, Matsuo et al. (2010) performed FCG testing in 0.7-MPa hydrogen gas at various test frequencies, 
thereby detecting the peculiar frequency dependence of hydrogen-induced acceleration, using JIS-SCM435. They 
explained the acceleration mechanism based on the hydrogen-enhanced successive fatigue crack growth (HESFCG) 
model (Murakami et al. (2008); Matsuoka et al. (2011); Matsuoka et al. (2016)), representing that the acceleration is 
not determined by either the presence or absence of hydrogen at the crack tip, but is determined by the distribution of 
hydrogen near the tip of the fatigue crack. They suggested that a steep gradient of hydrogen at the crack tip causes a 
localization of plasticity which prevents crack tip blunting and sharpens the crack tip. As a result, the crack growth 
per cycle is increased. In contrast, Somerday et al. (2013) performed FCG testing on the pipeline steel, X52, at various 
test frequencies in 21-MPa hydrogen gas containing 10, 100 and 1000 vol. ppm oxygen, discovering that the frequency 
dependence of FCG acceleration in hydrogen was altered by the oxygen content. As mentioned earlier, the hydrogen 
gas in the cylinder used in this study always was less than 1 vol. ppm, which is considerably lower than that reported 
by Somerday et al. (2013); therefore, this study investigated the peculiar frequency dependence of the FCG rate in 
terms of hydrogen distribution near the crack tip, i.e., the HESFCG model.
A series of experimental evidences infer that a steep gradient of hydrogen concentration causes slip localization at 
crack tip; hence, we propose a new parameter quantifying the onset of the FCG acceleration due to hydrogen, in 
consideration of the following two factors: (1) hydrogen concentration at the surface, (2) the ratio of the penetration 
depth of hydrogen per cycle to the ordinary plastic zone produced in air. As shown in Fig. 1(b), the CS and D of the 
present steel around crack tip, having severe plastic deformation, is considered to be nearly equivalent, respectively.
Thus, as illustrated in Fig. 6, when the initial hydrogen content is zero, the hydrogen distribution, CH, near the crack 
tip based on the normalized distance from crack tip, x', may be approximately expressed as follows:
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where x is the distance from the crack tip; t is the loading time per cycle, defined as t = 1/(2f); “erf” is the error function. 
The values of CS and D of the steel with a higher rolling ratio should be used to reproduce the hydrogen-diffusion 
properties around the crack tip, following Fig. 1. ωp is the ordinary plastic zone for plane strain in air:
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Fig.6. Schematic illustration of approximate gradient of hydrogen concentration around crack tip.
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For quantifying the gradient of hydrogen concentration near the crack tip in consideration of the ration of the 
penetration depth of hydrogen per cycle to the ordinary plastic zone in air, the following parameter, G, was defined: 
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When the value of G in Eq. (11) exceeds the critical value, GC, an onset of the FCG acceleration occurs.
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Under the ΔK-constant tests at R = 0.1 and RT, instead of the G in Eq. (12), we can use (pH2･f)1/2 for quantifying 
the onset of the FCG acceleration, since CS is approximately proportional to pH21/2. Fig. 7(a) shows the relationship 
between the RFCGR and (pH2･f)1/2 for the ΔK-constant tests at R = 0.1 and RT (cf. Fig. 3). The onset of the FCG 
acceleration was quantified by the parameter, (pH2･f)1/2, revealing that the FCG acceleration occurred at (pH2･f)1/2 ≈ 
0.1. From (pH2･f)1/2 = 0.1, the average G0 value for ΔKonset at pressures ranging from 0.1 to 90 MPa at RT was 1.86
mass ppm/mm; therefore, the values of G0 and ωp for the ΔKonset in the ΔK-constant tests at RT can be obtained. The 
values of G0 and ωp for the ΔKonset in the ΔP-constant tests at 363 K and 423 K can be also obtained from Fig. 5(a). 
These three relationships between G0 and ωp were fitted by G0ωp = GC as the GC was an unknown parameter. 
Fig. 7(b) shows the relationship G0 and ωp for the ΔKonset in the ΔK-constant tests at RT and the ΔP-constant tests 
at 363 K and 423 K. As a reference, the experimental result of the ΔP-constant test at RT, where ΔKonset is not 
observed in Fig. 5(a), is shown here. The relationship between G0 and ωp for ΔKonset could be fitted by G0ωp = GC. 
These results demonstrate that the onset of the FCG acceleration in presence of hydrogen was satisfactorily quantified 
  
Fig. 7. (a) Relationship between the RFCGR and (PH2･f)1/2 for the ΔK-constant tests at RT; (b) Relationship between the G0 and ωp
for the ΔKonset in the ΔK-constant tests at RT and the ΔP-constant tests at RT, 363 K and 423 K.
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by Eq. (12) and the peculiar dependence of FCG rate on hydrogen pressure, test frequency and test temperature could be 
unified by using a novel parameter representing the gradient of hydrogen concentration near crack tip.
4. Conclusions
This paper presented the effects of hydrogen pressure, test frequency and test temperature on the fatigue crack 
growth (FCG) properties of low-carbon steel, JIS-SM490B. To estimate hydrogen-diffusion properties at crack tip, 
having severe plastic deformation, hydrogen diffusivity was also determined with cold-rolled JIS-SM490B. The 
hydrogen diffusivity was lower with an increase in the rolling ratio; however, became constant at rolling ratios higher 
than 20 %. The hydrogen-assisted FCG acceleration always accompanied a localization of plastic deformation near 
crack tip and it was inferred that a steep gradient of hydrogen concentration caused the slip localization at crack tip. 
The peculiar dependence of FCG rate on hydrogen pressure, test frequency and test temperature could be unified by 
using a novel parameter representing the gradient of hydrogen concentration near crack tip, in consideration of the 
ratio of the penetration depth of hydrogen per cycle to the ordinary plastic zone in air.
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